Chlorinated methanes are important industrial chemicals and significant environmental pollutants. While the highly chlorinated methanes, trichloromethane and tetrachloromethane, are not productively metabolized by bacteria, chloromethane and dichloromethane are used by both aerobic and anaerobic methylotrophic bacteria as carbon and energy sources. Some of the dehalogenation reactions involved in the utilization of the latter two compounds have been elucidated. In a strictly anaerobic acetogenic bacterium growing with chloromethane, an inducible enzyme forming methyltetrahydrofolate and chloride from chloromethane and tetrahydrofolate catalyzes dehalogenation of the growth substrate. A different mechanism for the nucleophilic displacement of chloride is observed in aerobic methylotrophic bacteria utilizing dichloromethane as the sole carbon and energy source. These organisms possess the enzyme dichloromethane dehalogenase which, in a glutathione-dependent reaction, converts dichloromethane to inorganic chloride and formaldehyde, a central metabolite of methylotrophic growth. Sequence comparisons have shown that bacterial dichloromethane dehalogenases belong to the glutathione S-transferase enzyme family, and within this family to class Theta. The dehalogenation ractions underlying aerobic utilization of chloromethane by a pure culture and anaerobic growth with dichloromethane by an acetogenic mixed culture are not known. It appears that they are based on mechanisms other than nucleophilic attack by tetrahydrofolate or glutathione.
The incentive for exploring the microbial metabolism of chlorinated methanes is provided by their significance as environmental pollutants. Chloromethane (CH3CI), dichloromethane (CH2C12), tricloromethane (CHC13), and tetrachloromethane (CC14) are produced on a scale of approximately 2 million tons per year and used as intermediates in chemical synthesis and as industrial solvents. As with many other organochlorine compounds, some chlorinated methanes are also natural products. Natural formation of trace amounts of CC14 and CHC13 by marine macroalgae has been observed. The most prominent example of a natural organohalogen compound produced in large quantities is CH3CI, which is formed by wood-rotting fungi as well as by a variety of marine algae at an estimated rate of 5 million tons per year. This represents about 10 times the rate of the annual industrial production (1) . Thus, one would assume that microorganisms have evolved that are capable of using this compound as a carbon and energy source. We have also studied the genes for DCM utilization. In most DCM-degrading methylotrophs, they are found to be located on large, uncharacterized plasmids with a size of about 120 kb. In general, these plasmids are maintained during growth under nonselective conditions in the laboratory. This is not the case with the 70 kb plasmid encoding the DCM utilization phenotype of Methylophilus sp. DM1 1. After one growth cycle on a carbon source other than DCM, 70% of the cells have lost this element. In Methylobacterium sp. DM4, the DCM utilization genes are encoded on the chromosome by a 2.8-kb fragment, the nucleotide sequence of which we have determined. This DNA fragment, the dcm region, contains dcmA, the structural gene of DCM dehalogenase, and dcmR, the regulatory gene responsible for inducibility of DCM dehalogenase by DCM (Figure 1) Among prokaryotes, GSH production has been observed only in 2 out of 11 bacterial phyla, namely in the proteobacteria and in the cyanobacteria. Representatives of six other phyla and of the major groups of the archaea did not contain GSH, and three bacterial phyla have not been tested (9) . In accordance with the distribution of this cosubstrate, bacterial GSTs have so far been reported in representatives of the proteobacteria only. They are active with 1-chloro-2,4-dinitrobenzene as a substrate, but no sequence data are available for these enzymes. DCM dehalogenases are the only prokaryotic GSTs for which an association with the GST family has been shown at the functional as well as at the structural level. The high conservation of Theta GSTs in DCM utilizing proteobacteria in maize and in the fruitfly and rat has led to the suggestion that class Theta is representative of the ancient progenitor GST, and that GSTs, first evolved for protection from oxygen toxicity, were acquired by eukaryotes by way of their mitochondrial endosymbionts (10) .
Anaerobic Growth with Dichloromethane
Two anaerobic mixed cultures capable of growth with DCM have recently been described (11, 12) . They were enriched under methanogenic conditions, and they produced both methane and acetate from DCM. We have simplified the culture isolated in our laboratory to The degradation of (14C)DCM was examined to test the hypothesis that formate is a major intermediate in the pathway from DCM to acetate. There was complete recovery of radioactivity, mostly in the defined products CO2 (58%), acetate (23%), and formate (11%). The radioactivity in acetate was unevenly distributed; 88% was in the methyl group at about half the specific radioactivity that was observed in the educt. These data support the transformation of DCM to formate, which gives rise to the methyl group of acetate without prior oxidation to CO2 (13) .
Culture DM contained at least three different bacteria. Attempts to obtain a pure culture growing with DCM as the sole source of carbon and energy were not successful. We therefore considered the possibility of syntrophy, and we chose the formate-utilizing methanogen Methanospirillum hungatei as the partner for the dechlorinative organism from culture DM. This approach allowed us to isolate strain DMA, a strictly anaerobic, endosporeforming Gram-positive bacterium ( Figure  2 ). Isolation of strain DMA via coculture with M. hungatei suggested that use of DCM in the acetogenic culture DM involved strain DMA and an acetogenic syntrophic partner. We enriched from culture DM the putative acetogenic syntrophic partner of strain DMA. This led to the isolation of strain DMB, a vibroid, spore-forming Gram-negative acetogenic bacterium (Figure 2 ( Figure 2 ). The dehalogenation reactions) in this tentative scheme leads from DCM to an intermediate at the oxidation state of formaldehyde. The mechanism of the dehalogenation reaction is unknown. The formation of formate from DCM in strain DMA is thermodynamically favorable, as is acetogenesis from formate. Consequently, strain DMA should be able to utilize DCM for growth in pure culture. Our experiments showed the requirement of a coculture to grow with DCM. Therefore, factors other than thermodynamic limitations seem to be responsible for the obligatory association of strain DMA with a syntrophic partner during growth with DCM. The carbon source utilized by strain DMA during growth on DCM is not known. The organism does not grow on formate, the product of DCM oxidation, and it does not utilize acetate, the product released by the acetogenic organism DMB. Presumably strain DMA depends on an unidentified product provided by strain DMB as a carbon source.
